Nitric oxide mediates vascular relaxing effects of endothelial cells, cytotoxic actions of macrophages and neutrophils, and influences of excitatory amino acids on cerebellar cyclic GMP. Its enzymatic formation from arginine by a soluble enzyme associated with stoichiometric production of citrulline requires NADPH and Ca2 . We show that nitric oxide synthetase activity requires calmodulin. Utilizing a 2',5'-ADP affinity column eluted with NADPH, we have purified nitric oxide synthetase 6000-fold to homogeneity from rat cerebellum. The purified enzyme migrates as a single 150-kDa band on SDS/PAGE, and the native enzyme appears to be a monomer.
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Endothelium-derived relaxing factor, a labile substance formed by endothelial cells, which mediates vasodilation, has been shown to be identical to nitric oxide (NO) (1) (2) (3) . In addition to relaxing blood vessels, NO has multiple messenger functions as it has been demonstrated in macrophages (4) and in brain tissue (5) (6) (7) . NO appears responsible for the cytotoxic effects of macrophages and neutrophils (8) . We have obtained direct evidence for NO as a messenger for the influences of the excitatory amino acid glutamate on cGMP in the cerebellum (7) . We showed a striking enhancement by glutamate and other excitatory amino acids of the conversion of arginine to NO and the associated formation of citrulline. Moreover we observed that NV-monomethyl-L-arginine (MeArg) , an inhibitor ofthe enzymatic conversion of arginine to NO, inhibits glutamate-elicited cGMP formation, an influence selectively reversed by excess arginine. (10 mg/liter)/phenylmethylsulfonyl fluoride (100 mg/liter)], and all subsequent procedures were carried out at 4°C. The homogenate was centrifuged at 20,000 x g for 15 min, and the supernatant was loaded at 2 ml/min onto a 20-ml column of diethylaminoethyl (DEAE) equilibrated with buffer A. The column was washed with 50 ml of buffer A and eluted with a 100-ml linear gradient of 0-400 mM NaCl in buffer A. Fractions (2.5 ml) were assayed for enzyme activity. Fractions containing the first peak of activity from the DEAE column were pooled and added to 2 ml of 2',5'-ADP agarose equilibrated in buffer B (10 mM Tris HCl, pH 7.4/1 mM EDTA/5 mM 2-mercaptoethanol). After a 10-min incubation, the suspension was poured into a fritted column, which was washed with 50 ml of buffer B with 0.5 M NaCl and then with 20 ml of buffer B alone. NO synthetase was eluted with 8 ml of buffer B containing 10 mM NADPH.
RESULTS
In our preliminary efforts to purify NO synthetase, we observed that enzymatic activity adheres to a DEAE column and can be eluted by 1 M NaCl. However, with gradient elution of NaCl, enzymatic activity was not recovered in eluate fractions, suggesting the separation during purification of the enzyme from an important cofactor. Since NO formation requires Ca2", we speculated that calmodulin might be involved. Addition of calmodulin to DEAE eluate fractions restores enzyme activity (Fig. 1) . NO synthetase activity elutes in one sharp, major peak followed by a smaller peak of activity, which is observed reproducibly in multiple experiments. Calmodulin is an extremely potent stimulator of NO synthetase activity ( Fig. 2A) . In the presence of 1 ,M Ca2 , 50% of maximal stimulation of enzyme activity is apparent with '10 nM calmodulin, while no stimulation is observed in the absence of calcium. As observed previously, Ca2+ is a potent activator of enzymatic activity (Fig. 2B) . In the presence of 1 mM NADPH, 50% of maximal stimulation of Abbreviations: W-5, N-(6-aminohexyl)-1-naphthalenesulfonamide; W-13, N-(4-aminobutyl)-5-chloro-2-naphthalenesulfonamide. *To whom reprint requests should be addressed.
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Proc. Natl. Acad. Sci. USA 87 (1990) enzyme activity is apparent with =200 nM Ca2+ with maximal enhancement of activity observed at 1 ,uM Ca2' and some reduction in activity at concentrations exceeding 100 /iM Ca2 . In the absence of NADPH, Ca2+ fails to stimulate NO synthetase activity.
In crude cerebellar supernatant preparations, calmodulin is not required to demonstrate enzyme activity and added calmodulin (1 ,uM) has no influence on enzyme activity. However, trifluoperazine, a calmodulin antagonist, inhibits enzyme activity of crude preparations with an IC50 of -10 ,uM (Fig. 3A) . Calmodulin For purification of NO synthetase, we have focused on the first, major peak of enzyme activity eluting from the DEAE column, which provides a 5.6-fold purification of enzyme activity with 60% recovery (Table 1, Fig. 1 ). Since NADPH is a required cofactor for NO synthetase, we conducted further purification utilizing affinity chromatography with a 2',5'-ADP-linked agarose column, which has been used by others for purification of NADPH-requiring enzymes (10) . NO synthetase activity adheres to this column and is not eluted by 0.5 M NaCl. After the 0.5 M NaCl wash, NO synthetase activity can be eluted with 10 mM NADPH, providing a 1000-fold purification of enzyme activity in this step. The overall purification of NO synthetase utilizing two steps, DEAE chromatography and 2',5'-ADP affinity chromatography, affords a 6000-fold purification of enzyme activity with 30% recovery. The purified enzyme eluting from Biochemistry: Bredt and the ADP affinity column appears homogeneous, constituting a single band on SDS/PAGE (Fig. 4) . The molecular mass of this band is 150 kDa. To estimate the molecular mass of the native enzyme, we conducted gel filtration chromatography with a Superose-6 column (data not shown). NO synthetase activity of the purified enzyme emerges from the column as a single peak coincident with the peak of protein with an apparent molecular mass of 200 kDa, similar to the elution of p-amylase whose molecular mass is 200 kDa. Thus, purified NO synthetase appears to be a monomer.
The purified enzyme has high affinity for arginine with a Km of -2 ,uM, similar to what we observed previously in crude supernatant preparations (7) . The Vma, of the purified enzyme is -1 ,mol per mg of protein per min, similar to the Vma, values for other NADPH-requiring oxidative enzymes (11) ( Table 2 ). The Ki for MeArg inhibition of NO synthetase activity in the purified enzyme is -1.4 ,uM, similar to values we observed previously in crude preparations (7) . The EC50
for calmodulin enhancement of enzyme activity in the pure enzyme, 10 nM, is similar to the value observed in crude preparations. Also, the EC50 for calcium stimulation of the purified enzyme is the same in the pure and crude preparations.
The purified enzyme is unstable. When stored at 0°C, 50%o of enzyme activity is lost in 2 hr, whereas the crude supernatant preparation loses 50% activity at 0°C in 2 days. Stability is enhanced by storing the enzyme in bovine serum albumin (1 mglml)/20%o (vol/vol) glycerol at -70'C. When stored in this way, the enzyme loses <50% activity in 7 days. DISCUSSION Our ability to purify NO synthetase to homogeneity was made possible by our use of a simple, sensitive, and specific assay monitoring the conversion of arginine to citrulline as well as our discovery that calmodulin is required for activity of partially purified preparations. The requirement of calmodulin for NO synthetase activity can explain numerous observations of a requirement for calcium in the regulation of endothelium-mediated smooth muscle relaxation (12) . The requirement of endothelial (13) and brain (6) enzymes for calcium is also consistent with NO synthetase being a calmodulin-dependent enzyme. In macrophages, NO synthetase activity has been reported to be enhanced by magnesium (4) . Purification of NO synthetase from multiple tissues may clarify possible differences in ion requirements for the enzyme from different sources. The molecular mechanism for the conversion of arginine to NO is unclear. Two alternative mechanisms proposed are initial hydroxylation ofa guanidino nitrogen (4) or deimination followed by oxidation of ammonia (14) . Availability of homogeneous enzyme preparations should permit clarification of the mechanism of this reaction.
